Objectives: Environmental exposure of the general population to asbestos in Poland is mainly due to degradation of very popular asbestos-cement products and the resultant release of the elementary asbestos fibres into the ambient air. Assessments of environmental pollution by asbestos were based on the volume of the raw material used, amount of manufactured asbestos products, and measuring the concentration of fibres in the air. Material and Methods: Under the governmental program intended to remove asbestos, measurements of the concentration of asbestos fibres were performed in 2004-2010 in all provinces of Poland. Considering that potential sources of asbestos dust emissions were present in residential areas, 1634 sampling sites were designated. From 2 to 4 air samples were collected at each sampling site. A total of 5962 samples were collected during seven years. A single dose of air collected by 25 mm 0.8 μm pore Sartorius filter was 1,300 litres. The fibres were counted using optical microscopy with phase contrast (PCM) on a polarizing microscope (PLM) at a total magnification of 600×.; method was adapted to determine the concentration of asbestos fibres in non-occupational environment. Results: Mean concentration of asbestos fibres was 492 f/m 3 (95% CI: 467-518). In 82% of the sampling sites, the mean concentrations did not exceed 800 f/ m 3 . As much as 25.8% of the samples were found to be below the detection limit of the method. Estimated mean concentrations of fibres in different provinces ranged from 146 (95% CI: 106-203) to 709 f/m 3 (95% CI: 591-851). In the areas affected by former asbestos-processing plants, mean concentration was 732 f/m 3 (95% CI: 527-1016) and was significantly higher than levels recorded in other areas of Poland. Conclusion: Asbestos consumption per capita and the recorded moderate levels of asbestos fibres concentration in atmospheric air point to a relatively low level of environmental asbestos pollution in Poland.
INTRODUCTION
Import, production and trading of asbestos and asbestos-containing products has been banned in Poland since 1997 [1] . The parliamentary act prohibiting the use of asbestos products has solved the problem of the occupational exposure of the workers employed in the materials processing industry and banned the use and storage of the products. But the problem of enormous quantities of asbestos and asbestos-cement products for outdoor use remains to be solved yet.
The specific character of environmental pollution by asbestos, causing that it is particularly dangerous, results from the Nofer Institute of Occupational Medicine, Łódź, Poland IJOMEH 2012;25(1) 4 panels) in the construction industry. Indoor exposure is not a major problem due to a limited use of soft asbestos formulations, such as e.g. spraying formulations, in construction materials for municipal use. Asbestos-cement boards, extensively applied in the past, are classified as hard goods, i.e. products with a density exceeding 1000 kg/m 3 containing less than 20% solid-bound asbestos. In the boards produced in Poland, asbestos content ranged from 11% to 13% [2] . Till late 70's, crocidolite was also used in the production of asbestos boards in addition to the chrysotile asbestos [3] . Crocidolite was used also for production of pipes, which contained up to 25% asbestos. In the mid-80's, the use of crocidolite was discontinued. Overall, after 1945, Poland imported 2 million tonnes of asbestos. About 1.5 million tonnes, including 86 thousand tonnes of crocidolite asbestos, were used for the production of asbestos-cement materials [4] . In the 1960-1970, annual consumption of asbestos increased by 12 thousand tonnes, since 1978 the consumption continued to decline at a rate of 5.4 tonnes per year until the end of production in 1998. At the peak in the 70's of the last century, 100 thousand tonnes of asbestos were used annually for the manufacture of asbestos-cement products, while in the 90's the use gradually declined (Figure 1 ). According to the 2004 estimate, 14.9 million tonnes, i.e. about 14 000 000 thousand m 2 of asbestos-cement fact that the asbestos fibres are practically indestructible, may be found in a diversity of products and are dispersed throughout the environment. It should be emphasized that all asbestos-containing products manufactured for long years have been located in the municipal environment and, in the course of their continuing degradation, have become a source of permanent emissions of elementary asbestos fibres into the ambient air. This has been aggravated in some areas by the use of the asbestos waste as a low-cost replacement material, i.e. to repair local roads. The magnitude of the exposure in a given area is difficult to define due to a high variability of asbestos fibres concentrations in ambient air and their relatively low concentrations. Please note, however, that much lower, relative to occupational, dust concentrations occurring in the environmental exposure do not exclude the risk of development of asbestos-related cancer. Environmental exposure differs from the occupational exposure in that it affects the general population and continues 24 h/day, 7 days/week, 365 days/year for ca. 30-40 years longer than the occupational exposure. The fibres accumulate in lung tissue throughout the lifetime of the individual. Thus, the cumulated dose may be high, even though the concentrations are moderate. Environmental exposure to asbestos dust increases the risk of lung cancer; it may also cause mesothelioma and nonmalignant lesions in the pleura. The specific character of the biological activity of asbestos, essential for the determination of the health hazard to the population, comprises the following aspects: (1) very long latency period of the disease (up to 40 years), (2) the disease may develop after cessation of the exposure, (3) the development of mesotheliomas is associated with the environmental exposure after short-term exposures to high concentrations or prolonged contact with low concentrations of asbestos fibres.
Consumption of asbestos
In Poland, asbestos environmental pollution is mainly associated with the production and use of asbestos-cement products, such as roofing and cladding tiles (wall cladding not degraded up to 60 years, although scanning electron microscope images show signs of visible damage on their surfaces. Acid rains occurring in industrialized regions greatly accelerate their corrosion [6] . Most environmentally polluted areas are those where asbestos processing plants were located, and asbestoscement plants in particular. In Poland in the period after World War II, asbestos-cement products were manufactured in seven large state-owned plants ( Figure 3 ). Asbestos pollution of the areas in the vicinity of asbestos-cement plants results from the fact that those plants occupied large areas necessary for the production of large-size goods, their storage and distribution. Industrial waste landfills also occupy large areas. Two of those plants used to distribute the waste among the neighbouring residents who used it to pave local roads, yards, school playgrounds and sports objects, and even for construction of farmstead buildings. Due to considerable environmental pollution in the area affected by one of the plants, there has been an ecological disaster manifested by excessive incidence of pleural mesothelioma among the residents [7, 8] .
boards were applied in the construction industry. In the cities, wall cladding panels were used mainly in prefabricated buildings, and their usage is estimated at about 3.5 million tonnes. The use of the panels in rural areas was 3-fold greater than in the cities [5] . Average consumption per 1 inhabitant of asbestos in Poland estimated in the 80's was about 1.7 kg. The amount of asbestos in the installed asbestos-cement materials in different areas of Poland is shown in the map (Figure 2 ). Three zones are clearly visible. The largest per capita amounts of asbestos in building construction materials were installed in the provinces located in the so-called eastern wall of Poland, where in the 70's the asbestoscontaining materials in the form of non-flammable roofing tiles (eternit) were obligatorily used to replace thatched roofs. Emissions of the asbestos fibres into the ambient air is a consequence of mechanical damage to the asbestos-containing tiles or boards and their corrosion caused by weather conditions. These materials are a source of continuous low emissions of asbestos fibres into the ambient air. The period of safe use of asbestos-cement is about 30 years in average conditions; these boards are This number comprises 260 air samples collected at the sites designated in the areas of impact of nine former asbestos plants and 120 samples collected in the areas affected by the 2008 hurricane, which destroyed the eternit roofs of numerous houses and farm buildings ( Table 2 ). The samples were collected during the summer and autumn since July till October. Air temperature ranged from +12°C to +30°C. Air samples were collected on days without rainfall, when the velocity of the wind was less than 1 m/sec. The number of sampling sites in the administrative units (districts) in different provinces was selected considering population density and the quantity of asbestos-containing materials accumulated in specified province. Literature data shows that considerable variations of the concentrations of asbestos fibres occur in the ambient air, depending largely on weather conditions. Analysis of the number of measurements taken in specified sampling site showed that for ca. 24% of the sampling sites where the determination was performed only twice, mean concentration was below the detection limit of the method; when the number of the determinations was 3, the corresponding proportion was reduced to ca. 12%; the respective value for 4 measurements was as low as 3% (Table 3) . Variations in asbestos fibres concentrations in samples of air collected at the same site cause that it is necessary to collect at least 3 to 4 samples at the intervals of more than several, or several dozen hours.
Airborne concentration of asbestos fibres in non-occupational environment
To assess the degree of health risk to residents of an area, it is essential to determine the concentration of airborne asbestos fibres in the municipalities. As part of the government's program of eliminating asbestos from Poland, comprehensive measurements have been performed of the concentration of asbestos fibres in the air in different areas.
MATERIAL AND METHODS

Sampling areas and sites of sampling
In 2004-2010 in all provinces (voivodships) of Poland, 1634 sampling sites were designated where air samples were collected to determine the content of asbestos fibres.
As much as 5962 samples were collected in 283 districts, i.e. 74.7% of all districts were included in the study (Table 1) . 
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IJOMEH 2012;25(1) 7 of air was used during the environmental measurements performed in this work. This lower limit of detection of the method was achieved by analyzing and counting respirable fibres on the surface of 500-800 cells of a Walton-Beckett graticule. All samples were analyzed by the Institute's laboratory accredited to use the analytical procedure.
Statistical analysis
All statistical analyses were performed using the R Software. The distribution of the number of asbestos fibres in samples collected from a single sampling site was found to follow the Poisson distribution. Generalized linear mixed model (GLMM) was constructed to investigate the relationship between asbestos concentration and its main determinants and the random components (R package lme4). Both the fixed and random effects were incorporated in the mixed effect model. We used Poisson distribution for error distribution with log link and Gaussian error distribution for random effect in GLMM. We also incorporated offset term to convert fibres count into fibres concentration [9] . The fixed effects provide estimates of average asbestos concentration from all sampling sites in a given group (e.g., province), while the random effects make it possible to estimate the variability of concentrations between particular sampling sites. Estimated average asbestos concentration at a sampling site can be interpreted as a geometric mean calculated from the mean concentrations (arithmetic mean) recorded for that location. Variability between results for particular sampling sites is related to the amount of asbestos and weather conditions. We have used GLMM to estimate average asbestos concentrations in districts and to evaluate the relationship between the amount of asbestos and the mean asbestos fibres concentration in the air samples examined. Descriptive statistics, such as measures of central tendency (arithmetic mean -AM) and measures of dispersion (geometric standard deviation -SD, range) were calculated for each of the main determinants.
Measurements of asbestos fibres concentrations
The method of sampling consists of passing a specified volume of air through a membrane filter using a pump with controlled air flow. The air was collected using a JSH 12000 stationary aspirator feeding it to 25-mm, 0.8-μm pore dia. Sartorius filters at a filtration rate of 13 l/min during 100 min, whereby it was possible to collect over 1 m 3 of the air in relatively short time. The samplers were placed at the height of 1.5 metres above the ground level. The fibrous structures collected on the filter were identified using an optical polarization microscope (PLM) with positive phase contrast (PCM) and 600x total magnification. Respirable fibres, i.e. fibres > 5 μm long with a diameter of < 3 μm, meeting the criterion of 1:3 diameter-to-length ratio were counted. To exclude non-asbestos fibres, the collected samples were examined in polarized light with crossed or parallel polarizers. The applied numerical method for determining the concentration of asbestos fibres using optical microscopy with phase contrast (PCM) according to the Polish standard PN 88/Z-04202/02 has been originally designed for the assessment of occupational exposure. The determination limit of this method is 0.01 fibres per cm 3 of air, i.e. 10 000 f/m 3 . The content of asbestos fibres in the ambient atmospheric air is much lower and usually ranges between a few and several thousand fibres in one m 3 of air. Thus, it was necessary to modify the method so as to make it suitable for determination of asbestos fibres concentrations prevailing in the ambient air. A lower detection limit of 180 fibres in 1 m 3 (Table 5) .
RESULTS
Of the total of 5962 air samples collected all over Poland, asbestos fibres concentration was below the limit of detection in as many as 1537 samples (25.8%). This percentage varied from 15.8% to approx. 41% between particular provinces. For the total of 1634 sampling sites, asbestos fibres concentrations below the limit of detection were recorded at 128 of the sites. The mean asbestos fibres concentration in Poland was estimated to be 492 f/m 3 (95% CI: 467-518). In the provinces, the mean asbestos concentrations were below 800 f/m 3 , including six districts where the levels below 400 f/m 3 were found (Table 4) . 
DISCUSSION
The report discusses current levels of environmental asbestos pollution in Poland. The estimates have been based on data regarding the import and consumption of asbestos and accumulation of asbestos-containing materials in particular provinces as well as on measurements of asbestos fibres concentration in outdoor air. Over the period of more than 50 years (since 1946 till 1997), approximately 2 million tonnes of asbestos, mostly chrysotile, had been imported to Poland. Amphiboles made up 4-5% of the imported raw material (incl. 4% of crocidolite). As much as 85% of the imported asbestos was used in the production of construction materials, mostly asbestos cement sheets applied as roofing and wall cladding elements. In contrast to Western Europe, soft asbestos products, asbestos spraying or asbestos-containing thermal or acoustic isolation [10] , have not been used in Polish construction industry. The present environmental pollution with asbestos in our country is mostly due to release of asbestos fibres from asbestos-containing construction elements in buildings. A significant contribution is also that of environmental pollution in areas located in the vicinity of former asbestos processing plants. Asbestos consumption per capita is a useful parameter to analyse the population-level environmental exposure and consequently to forecast the incidence of pleural mesothelioma. In Poland, between 1960's and 1980's, the mean asbestos consumption per capita was estimated at 1.7 kg, ranging from 0.5 kg in 1960 to 2.3 kg in 1980. In other countries, the respective values for 1980 were as follows: 5.6 kg in Germany, 3.4 kg in Japan, 3.7 kg in former Czechoslovakia and 3.2 kg in Italy [11, 12] . In 1994, asbestos consumption per capita ranged from 0.004 kg in Northern Europe (Denmark, Finland, Sweden) and 0.6 in Central Europe (Poland, Czechoslovakia, Hungary, Romania, Bulgaria) to 2.4 in the former Soviet Union [13] . The highest levels were noted during the period of 1970-1989.
The asbestos in construction elements installed in buildings and facilities is the source of environmental exposure. The observed relationship between the amount of asbestos in the installed construction elements and asbestos fibres concentration in outdoor air has been described using the equation in Figure 5 . The results indicate that an increase in asbestos consumption by 1 tonne/km 2 in a given province resulted in mean asbestos fibres concentration increase of 50.3 f/m 3 . work environment and non-occupational settings. It is the actual method used for statistical analysis that is most significant in the interpretation and comparison of the study results [20] . Our study has revealed that the number of air samples collected at sampling sites within a given territory plays a significant role in the evaluation of the level of environmental exposure in that area. The large number of measurements (ca. 6000) made it possible to define the optimum number of samples to be collected at a single sampling site and to substantially limit the number of sites with concentration levels below the limit of detection. The variability in the number of asbestos fibres recorded in several measurements at a given sampling site points to the necessity of collecting at least three air samples in this location at time intervals of several to several dozen hours.
In general, accessible literature reports ambient asbestos air concentrations in a wide range of values from several to about tens of thousands fibres per m 3 . The high levels of asbestos fibres concentration that were recorded up to 1980's in urban areas must have been associated with the use of asbestos in clutches and brake linings of motor vehicles. During this period, airborne asbestos fibres concentrations in other countries approached the levels of 4600 f/m results of measurements of asbestos fibres concentration in the urban environment of Teheran, Iran, showed the average concentration of 3400 f/m 3 [24] . The authors suggest that the recorded high levels of airborne asbestos fibres were attributable mainly to asbestos from automobile brakes and clutches. The present report discusses the findings of measurements conducted over the period of [2004] [2005] [2006] [2007] [2008] [2009] [2010] , that is 6-12 years since asbestos use had been
In comparison with the countries of Northern and Western Europe, the most intense asbestos consumption in Poland was recorded much later and the level was much lower in general [14] . The studies on the incidence of mesothelioma and asbestos consumption that were conducted in 10 countries of Western Europe and in Japan revealed that a 1 kg increase in asbestos consumption per capita resulted in a yearly increase in mesothelioma incidence by 6 cases per 1 million inhabitants [15] . The findings obtained by Tossavainen (2004) indicate that asbestos consumption of 2.8 kg per capita will lead to ca. 18 cases of mesothelioma per 1 million exposed inhabitants, and thus the amount of 170 tonnes of asbestos produced and used may in future account for one death from pleural mesothelioma [16] .
A recent report based on data from 33 countries revealed a strong relationship between asbestos consumption between 1960 and 1969 and mortality from asbestos-related diseases in the period of 2000-2004 [17] . According to the authors, historical asbestos consumption was a significant predictor of death rates for all mesotheliomas in both sexes, and high levels of asbestos consumption corresponded with high log-mortality rate. In Poland, the highest levels of asbestos consumption were recorded 10 years later; therefore, increased death rates from asbestos-related cancers may be expected between 2010 and 2020. Since, contrary to the studies on occupational exposure, there have been only a few reports on domestic and environmental exposure to asbestos, it is difficult to discuss the present findings in relation to other observations. Moreover, only a few authors used the levels of asbestos concentration in outdoor air in order to assess the health effects of exposure [10, 18] . The difficulty in interpreting the results will also arise from different characteristics of sampling sites and different measurement strategies. Corn [19] pointed out fundamental differences in interpretation of results obtained using phase contrast microscopy (PCM) to measure asbestos fibres concentration in IJOMEH 2012;25(1) 11 "elimination" of asbestos in mobile containers would be to maintain the status quo with respect to the already existing construction elements that contain asbestos.
CONCLUSIONS
At present, asbestos exposure is associated mainly with outdoor air pollution from asbestos-containing construction materials used in buildings. Asbestos consumption per capita and the recorded moderate levels of asbestos fibres concentration in atmospheric air point to a relatively low level of environmental asbestos pollution in Poland. Areas in the vicinity of former asbestos processing plants exhibit significantly higher asbestos fibres concentrations than the rest of the country. The findings revealed territorial variability in asbestos consumption that has impact on asbestos fibres concentration. An increase in asbestos consumption by 1 tonne/km 2 in a given country district resulted in mean asbestos fibre concentration increasing by 50.3 f/m 3 .
It is important to develop well defined criteria for measuring asbestos fibres concentration in the environment. In our experience the result of a single air sampling in a given location is encumbered with an error that precludes correct interpretation of the level of environmental asbestos exposure in that area.
banned in Poland. They indicated relatively low levels of mean airborne asbestos fibres concentrations. As revealed by the results of our study analysing data on almost 6000 air samples, the mean asbestos fibres concentration in Poland approximates 492 f/m 3 (95% CI: 467-518), ranging from 146 to 709 f/m 3 across provinces. These findings correspond with the relatively low level of asbestos consumption and are consistent with the results of measurements conducted from 1990 onwards by other researchers. In the US, the estimated outdoor asbestos concentrations are generally less than 500 f/m 3 , while in urban areas, they can be as high as 2000 f/m 3 [19] . A study concerning asbestos fibres concentration in non-occupational Korean areas showed levels of 600 f/m 3 in urban areas and 300 f/m 3 in rural areas [25] . The values of airborne asbestos fibres concentration that were recorded in our study were generally consistent with the data from measurements carried out in Poland in [2007] [2008] , and in the majority of samples did not exceed the level of 1000 f/m 3 . A report from Upper Silesia suggests that in areas adjacent to buildings where asbestos elements can be found, this concentration may range from 1000 f/m 3 to 9000 f/m 3 [26] . However, the 1000 f/m 3 level of the detection limit of the method used by the authors precludes determining asbestos fibres concentration in non-occupational settings. The parliamentary act of 2010 [27] allows a new method of eliminating asbestos-cement products from the environment by crushing them and crumbling to 5 mm particles in a mobile container where they are then subject to microwave treatment. This unprecedented way of handling asbestos-containing materials, which is contrary to scientific evidence and to the recommendations of the government project for asbestos elimination in Poland, may eventually contribute to increasing environmental pollution with asbestos. We presume that any action in this respect should be undertaken with caution, and at the present levels of environmental exposure, a better alternative to abrupt
